Abstract. Preisach-based magnetic characterization is applied as a non-destructive method to evaluate material degradation due to metal fatigue. At predetermined interruptions of the cyclic mechanical loading a set of first order symmetric and a set of second order minor magnetisation loops are measured and analysed using both the classical and the moving Preisach model. The evolution of microstructure dependent magnetic features such as the Preisach distribution function, the mean-field parameter k and the local coercive field distribution Qc(hc) is monitored: k increases and the peak value of Qc decreases with the number of stress cycles. Moreover, for both parameters the rate of change is higher during the last 10% of the fatigue lifetime.
Introduction
In this work we focus on the magnetic non-destructive evaluation of fatigue damage progression. Cyclic mechanical loading of materials leads to microstructural changes and eventually to micro cracks, which can end in a sudden fracture, apparently without warning. To avoid this failure, it is crucial to monitor the material degradation, preferably in a non-destructive way. Experiments show that mechanical and microstructural features affect the magnetic properties of steel. The possibility to use this direct knowledge in an inverse way by evaluating specific magnetic properties to identify variations of mechanical features is investigated. As a first step, one might consider to evaluate only saturation magnetisation loop parameters such as coercivity. In this paper however, we investigate the possibility to improve the sensitivity by taking into account not only the saturation loop, but also the hysteretic magnetic behaviour throughout the full induction range, from small induction levels up to saturation. In this context, the classical Preisach model is used as a tool to analyse the experimental set of first order symmetric (major) magnetisation loops, whereas also experimentally obtained second order asymmetric (minor) loops are taken into account in the framework of the moving Preisach model. It is anticipated that the latter approach leads to an improved sensitivity.
Preisach formalism
The Preisach hysteresis model [1] is based on the idea of a material structure containing an infinite set of elementary magnetic dipoles having rectangular non-symmetric hysteresis loops. Each elementary loop is defined by two statistically distributed parameters, the elementary loop coercive field h c and the interaction or mean field h m . The Preisach distribution function (PDF) P (h c , h m ), which represents the density of elementary dipoles, characterizes the microstructure and the composition of the material under investigation. Based on the Everett theory [1] , the PDF can be identified in a direct way by bringing together all experimentally obtained symmetric first order magnetisation loops in a two-dimensional numerical map E v (h c , h m ), called the Everett function. Inherently the classical Preisach model has the congruency property, whereas in most cases, experimentally obtained second order asymmetric minor loops are non-congruent. Therefore, to accurately model non-congruent second order minor loops, a modification of the classical Preisach model is introduced, called the moving Preisach model [2] . In this model the effective magnetic field H e experienced by each elementary dipole differs from the applied field H a by a mean-field contribution H mov , which is an odd function of the magnetisation M : H e (t) = H a (t) + H mov (M (t)). As a first approximation the last term can be written as
The microstructural changes (such as an increase of dislocation density) and micro cracks initiated by the cyclic loading affect the mobility of the domain walls. Both the Preisach distribution function P (h c , h m ) and the mean-field parameter k are shown to be dependent on microstructure [3, 4] . Hence, the fatigue damage progression can be evaluated by monitoring the modifications of P (h c , h m ) and k.
Results
A fatigue test is performed on a sample of cold rolled low-carbon steel sheet of 1 mm thickness with a yield tensile stress of 200 MPa. Its chemical composition is 99.6 wt% Fe, 0.04 wt% C, 0.02 wt% Si, 0.25 wt% Mn, 0.01 wt% S and 0.003 wt% P. A cyclic uniaxial mechanical loading with constant stress amplitude of 118 MPa and a mean stress value of 70 MPa is applied to the sample, resulting in a fatigue fracture after 159 253 cycles.
At predetermined points of time the cyclic mechanical loading is interrupted for the quasi-static measurement of a set of first order symmetric (major) magnetisation loops (for a full range of several peak values for H a ) and a set of second order (minor) magnetisation loops (for a range of magnetisation levels, but with the same H a -values at the reversal points). Both major and minor loops are obtained at two static mechanical stress conditions: σ = 0 MPa and σ = 100 MPa, the latter being half of the yield stress.
Starting from these experimental observations, the mean-field parameter k is identified using an optimization scheme searching for the value of k that minimizes the discrepancy between the measured minor loops and the corresponding calculated ones using the Everett function. As shown in Fig. 1 , the results in terms of the mean-field parameter k as a function of the fatigue lifetime are different for the two static mechanical load conditions: for σ = 100 MPa, k increases with lifetime, and moreover, the rate of increase is higher during the last 10% of the fatigue test. However, at no load (σ = 0 MPa), k equals to zero during the entire fatigue lifetime (except before the fatigue test), indicating that the corresponding minor loops are congruent, which can also be noticed in Fig. 2 .
Because we want to compare the results of both the classical model and the moving model, all the following results (Figs 3 to 5) are obtained from the magnetic measurements at σ = 100 MPa. Figure 3 shows the typical shape of both the classical and the moving PDF. Compared to the classical PDF, the (Fig. 2a) , whereas during the fatigue test the minor loops are congruent, which is shown for the case n = 37% of the fatigue lifetime (Fig. 2b) . moving PDF is shifted along the h m -axis, which is caused by the mean-field contribution H mov (M). Furthermore, the modifications of the PDF throughout the fatigue life are monitored using the local coercive field distribution Q c (h c ) and the local interaction field distribution Q m (h m ):
(1) Fig. 3 . Classical Preisach distribution function (Fig. 3a) and moving Preisach distribution function (Fig. 3b) , both at n = 37 % of the fatigue lifetime. Labels of iso-lines are in 10 −6 H/A. Peak values are (a) for the classical PDF: 8.9 10 −6 H/A (at hm = 0 and hc = 265 A/m), and (b) for the moving PDF: 1.8 10 −6 H/A (at hm = 0 and hc = 210 A/m). Fig. 4 . Selection of local coercive field distributions Qc(hc) and local interaction field distributions Qm(hm), for several load interruptions, denoted by the fatigue lifetime (in percent, relative to the number of cycles to failure), within the framework of the classical Preisach formalism (Fig. 4a and 4b) , and within the framework of the moving Preisach formalism (Fig. 4c and 4d) . The legend shown in Fig. 4b is also valid for the other graphs. Notice that the scale for Qm in Fig. 4d is half of the scale in the other graphs. , which are calculated from the reconstructed Preisach distributions in the frame of both the classical and the moving Preisach model. The already mentioned shift of the moving PDF along the h m -axis can also be noticed in these graphs: although the peak value of the classical PDF is approximately 5 times higher than the peak value of the moving PDF (as shown in Fig. 3 for n = 37%), both local coercive field distributions are comparable in size. Secondly, the distribution Q m (h m ) in the moving Preisach formalism, when compared to the corresponding one within the classical Preisach formalism, is spread more evenly over the h m -range. 
Conclusion
The Preisach distribution function and related properties change throughout the fatigue lifetime: for the mean-field parameter k, the peak value of Q c and the peak value of Q m , three stages in their relation to the fatigue lifetime can be indicated. Especially the start of the final stage, at approximately 90% of the fatigue lifetime, can be useful to estimate the remaining life of steel components. Moreover, the properties related to the moving Preisach model, compared to the ones related to the classical model, are shown to be more sensitive to fatigue damage, indicating that the non-congruent second order loops, which non-congruency property can be taken into account in the moving Preisach model, contain extra experimental information in relation to the fatigue damage progression.
